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The Isw2 Chromatin Remodeling Complex
Represses Early Meiotic Genes upon
Recruitment by Ume6p
Among the histone modifications described so far,
histone acetylation has been the most extensively stud-
ied because of its close correlation with transcription.
Acetylation of histone tails is generally observed in tran-
scriptionally active regions of chromatin. The level of
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histone tail acetylation is regulated by histone acetyl-†Molecular and Cellular Biology Program
transferase (HAT) and histone deacetylase (HDAC) activ-Fred Hutchinson Cancer Research Center and
ities in vivo. The fact that many previously identifiedUniversity of Washington
transcriptional co-activators and co-repressors pos-Seattle, Washington 98109
sess HAT and HDAC activities, respectively, reinforces‡Department of Genetics
the idea that chromatin structure plays a critical role inHarvard Medical School
the regulation of transcription (Strahl and Allis, 2000;Boston, Massachusetts 02115
Struhl, 1998; Suka et al., 1998). Budding yeast has five
putative catalytic subunits of HDAC complexes; Rpd3p,
Hda1p, Hos1p, Hos2p and Hos3p (Carmen et al., 1996;Summary
Rundlett et al., 1996). In addition, proteins related to a
silencing factor, Sir2p, were recently found to compriseThe ISWI class of chromatin remodeling factors exhib-
a novel class of HDAC (Imai et al., 2000; Landry et al.,its potent chromatin remodeling activities in vitro.
2000; Smith et al., 2000; Tanny et al., 1999).However, the in vivo functions of this class of factors
Rpd3 proteins from yeast to mammals associate withare unknown at a molecular level. We have found that
Sin3 protein. Rpd3-Sin3 complex is recruited to targetS. cerevisiae Isw2 complex represses transcription of
genes by transcriptional repressors (Hassig et al., 1997;early meiotic genes during mitotic growth in a parallel
Heinzel et al., 1997; Kasten et al., 1997; Laherty et al.,pathway to Rpd3-Sin3 histone deacetylase complex.
1997; Nagy et al., 1997). In yeast, the Rpd3-Sin3 complexThis repressor function of Isw2 complex is largely de-
is recruited to target genes by Ume6p, a sequence-pendent upon Ume6p, which recruits the complex to
specific DNA binding protein (Kadosh and Struhl, 1997;target genes. Nuclease digestion analyses revealed
Kadosh and Struhl, 1998b; Rundlett et al., 1998). Thisthat Isw2 complex establishes nuclease-inaccessible
may account for the observation that Rpd3p-dependentchromatin structure near the Ume6p binding site in
deacetylation of histone H3 and H4 tails is highly localvivo. Based on these findings, we propose a model for
in vivo; only one or two nucleosomes at the promotersthe mechanism of transcriptional repression by two
of target genes are affected (Kadosh and Struhl, 1998b).distinct chromatin remodeling complexes.
In addition to histone modifying enzymes, biochemi-
cal and genetic studies have identified several ATP-
Introduction
dependent chromatin remodeling complexes from a
wide variety of eukaryotic organisms (Cairns, 1998; Ka-
The packaging of DNA into chromatin inhibits a wide donaga, 1998; Kingston and Narlikar, 1999; Peterson,
variety of protein-DNA interactions. As a result, chroma- 1998). They are grouped into three classes according
tin structure is generally inhibitory to cellular processes to the ATPase subunit found in each complex, SWI/SNF,
that require specific protein-DNA interactions, such as ISWI, and CHD1. Members of the ISWI class of ATPases
transcription. This implies that regulation of chromatin identified so far are Drosophila ISWI, human SNF2L and
structure can modulate transcription both positively and SNF2H, and yeast ISW1p and ISW2p. Drosophila ISWI
negatively. For transcriptional activation, chromatin protein has been found in three distinct chromatin re-
structure must be actively remodeled at the promoters modeling complexes, NURF (Nucleosome remodeling
of genes to counteract the repressive effect of chroma- factor) (Tsukiyama et al., 1995; Tsukiyama and Wu,
tin. On the other hand, repressive chromatin structure 1995), CHRAC (Chromatin accessibility complex) (Varga-
can be established at the regulatory regions of genes Weisz et al., 1997), and ACF (ATP-utilizing chromatin
to inhibit transcription. Recent studies have revealed assembly and remodeling factor) (Ito et al., 1997). The
that two major classes of factors, histone modifying hSNF2H protein forms distinct complexes, RSF (remod-
enzymes and ATP-dependent chromatin remodeling eling and spacing factor) (LeRoy et al., 1998), WCRF
complexes, play key roles in the regulation of chromatin (Williams syndrome transcription factor-related chroma-
structure (Belotserkovskaya and Berger, 1999; Kingston tin remodeling factor) / human ACF (Bochar et al., 2000;
and Narlikar, 1999; Kornberg and Lorch, 1999; Maldonado LeRoy et al., 2000) and human CHRAC (Poot et al., 2000).
et al., 1999; Strahl and Allis, 2000; Struhl, 1999; Suka et Yeast Isw1p and Isw2p also form distinct complexes
al., 1998; Tsukiyama and Wu, 1997; Tyler and Kadonaga, (Tsukiyama et al., 1999).
1999; Wade and Wolffe, 1999; Workman and Kingston, Extensive biochemical characterization revealed that
1998). each member of the ISWI class of remodeling factors
has potent activity to alter chromatin structure in vitro.
However, the functions of this class of factors in vivo§ To whom correspondence should be addressed (e-mail: ttsukiya@
are just beginning to be uncovered. Drosophila ISWI isfhcrc.org).
k These authors contributed equally to this work. essential for development as well as cell viability (Deur-
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Figure 1. Activator-Independent Derepres-
sion of Meiotic Genes in an isw2 Mutant
The genotype of the cells used is listed at the
top of each lane. Listed vertically to the left
of each blot is the gene being probed. The
number under each band indicates the fold
change in expression level relative to wild
type cells as determined by phosphorimager.
For all epistasis analyses, it should be noted
that the levels of RNA in wild type cells are
used as standards to calculate relative levels
of RNA in mutants. Because the measured
RNA levels for many meiotic genes in wild
type cells are very close to background, cal-
culated RNA levels in wild type cells (RNA
signals minus background signals) are very
sensitive to fluctuating background levels.
This causes some fluctuation of the calcu-
lated fold change in RNA levels in mutants
among different blots. However, epistatic in-
teractions among mutants within each blot
are not affected.
ing et al., 2000). The expression of engrailed and Ubx be regulated by these complexes, comparing wild type
and an isw1 isw2 double mutant. While we are uncertaingenes in a Drosophila ISWI mutant is greatly reduced,
suggesting that ISWI is required for transcription of of the relevance of the entire genome transcription pro-
file in isw1 isw2 mutant cells obtained (see Experimentalsome developmentally regulated genes. However, im-
munostaining of polytene chromosomes revealed mostly Procedures), we found and confirmed by Northern blot-
ting that several meiotic genes are derepressed in anmutually exclusive localization of Drosophila ISWI pro-
tein and RNA polymerase II. This led to the proposal isw2 single mutant relative to wild type (Figure 1, lane
2). RNA samples were prepared from haploid (Mat a)that ISWI-containing complexes in flies may have both
positive and negative roles in transcription (Deuring et cells grown in rich medium during early log phase, condi-
tions under which meiotic genes are repressed in wildal., 2000). Drosophila ISWI is also essential for mainte-
nance of the integrity of the male X chromosome (Deur- type cells (lane 1). These data suggest that Isw2 complex
is involved in the repression of some meiotic genesing et al., 2000). A yeast isw2 mutant exhibits defects
in the early stages of meiosis (Trachtulcov et al., 2000), during mitotic growth of yeast cells.
but the mechanism of this defect is unknown.
In a search for genes regulated by ISWI complexes Derepression of Meiotic Genes in an isw2 Mutant
in S. cerevisiae, we found that Isw2 complex represses Is Independent of Known Meiotic Activators
transcription of early meiotic genes during mitotic growth We set up genetic tests to investigate the mechanism
in a parallel pathway to Rpd3-Sin3 histone deacetylase of meiotic gene derepression in isw2 mutant cells. The
complex. Chromatin analyses revealed that Isw2 com- signals required for initiation of meiosis, such as nitro-
plex creates nuclease-inaccessible chromatin structure gen and glucose starvation, lead to the activation of a
upstream of the Ume6p binding site. Based on genetic key regulator, Ime1p (Kupiec et al., 1997; Mitchell, 1994),
experiments as well as protein-protein interactions in which directly activates most early meiotic genes (Bow-
vitro and in vivo, we propose that Isw2 complex, like dish et al., 1995; Rubin-Bejerano et al., 1996). An IME1
Rpd3-Sin3 complex, is recruited by Ume6p to repress target gene, IME2, also activates early meiotic genes
early meiotic genes. through an IME1-independent pathway (Smith et al.,
1990). For middle and late meiotic genes, Ndt80p was
recently identified as a transcriptional activator (Chu etResults
al., 1998). Overexpression of these activators in mitotic
cells induces expression of meiotic genes (Chu et al.,Isw2 Complex Is Required for Repression
of Transcription In Vivo 1998; Smith et al., 1990). We therefore tested whether
derepression of meiotic genes in an isw2 mutant is dueBecause of their biochemical activities to alter chroma-
tin structure in vitro (Tsukiyama et al., 1999), we hypothe- to activation or induction of these meiotic activators by
epistasis analysis (Figure 1). We made null mutations ofsized that Isw1 and Isw2 complexes may affect tran-
scription in vivo. We attempted to identify genes that IME1, IME2 and NDT80 genes in both wild type and isw2
mutant backgrounds, and tested expression of meioticare regulated by these complexes using DNA microarray
analysis. We enriched for candidate genes that might genes during mitotic growth. As seen in Figure 1, dere-
Isw2 Complex Represses Transcription
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Figure 2. Epistasis Analysis of ISW2 with RPD3, SIN3, and UME6
(A) Epistasis analysis using null mutants. The presence (Y) or absence (N) of a URS1 sequence in the promoter of each gene is indicated to
the right.
(B) Catalytic activities of both Isw2 and Rpd3-Sin3 complexes are essential for repression. c.i. and D denotes catalytic inactive- and null
mutants, respectively.
(C) Both ISW2 and RPD3 are epistatic to UME6. RNA samples for lanes 2, 4, 6, 8, 10, and 12 were prepared from cells with a mutated REC104
URS1 sequence, while cells for lanes 1, 3, 5, 7, 9, and 11 have wild type REC104 URS1 sequence. The SPO13 URS1 sequence is wild type
in all samples.
pression of all meiotic genes tested was not significantly lane 4), indicating that ISW2 and RPD3 function indepen-
dently to repress URS1-containing genes. In addition,affected in any of the double mutants (lanes 4, 6, 8).
Thus, IME1, IME2 and NDT80 are not responsible for we noticed that expression of URS1-containing genes
in the isw2 rpd3 double mutant is generally much higherthe derepression of meiotic genes in an isw2 mutant.
than the sum of the expression levels in each single
mutant. This reveals that ISW2 and RPD3 function inIsw2 Complex Represses URS1-Containing
Genes in a Parallel Pathway parallel, partially compensatory pathways to repress these
genes. Sin3p is proposed to tether Rpd3p to the promot-to Rpd3-Sin3 Complex
The vast majority of early meiotic genes have a common ers of URS1-containing genes (Kadosh and Struhl, 1997;
Kasten et al., 1997; Rundlett et al., 1998). Consistent withcis element, URS1, in their promoter sequences (Kupiec
et al., 1997; Mitchell, 1994); these genes are repressed this model, sin3 and rpd3 mutations showed very similar
genetic interactions with an isw2 mutation (compareby the Rpd3-Sin3 histone deacetylase complex during
mitotic growth (Bowdish and Mitchell, 1993; Kasten et lane 2 with lanes 3–6), showing that Isw2 and Rpd3-Sin3
complexes function independently in parallel pathways.al., 1997; Kupiec et al., 1997; Strich et al., 1989; Vidal
and Gaber, 1991). We tested whether Isw2 complex We next tested whether the catalytic activities of the
two chromatin remodeling complexes are necessary forfunctions in the Rpd3-Sin3 pathway by epistasis analy-
sis (Figure 2A). Some, but not all URS1-containing genes repression of early meiotic genes (Figure 2B). A K214R
mutation (lysine to arginine substitution at amino acidwere derepressed in the isw2 single mutant (lane 2). In
an rpd3 single mutant, all URS1-containing genes tested 214) in the ISW2 gene, introduced at the same residue
as the previously published K214A mutation (Tsukiyamawere moderately derepressed, as previously reported
(lane 3). In contrast to both single mutants, all URS1- et al., 1999), inactivates all ATP-dependent activity of
Isw2 complex without significantly affecting the stabilitycontaining genes tested were strongly derepressed in
an isw2 rpd3 double mutant (lane 4). The level of dere- of Isw2p (data not shown). An H151A mutation in Rpd3p
has been shown to inactivate the histone deacetylasepression in the double mutant was significantly higher
than in each single mutant (compare lanes 2 and 3 with activity of Rpd3 complex (Kadosh and Struhl, 1998a).
Cell
426
As shown in Figure 2B, derepression of two early meiotic
genes, REC104 and SPO13, in the catalytically inactive
mutants was very similar to that of the deletion mutants.
REC104 is more highly expressed in the catalytically
inactive rpd3 mutant than in the null mutant (lanes 4,
5). This may be due to partial compensation for RPD3
function by other HDACs in the null mutant or dominant
negative functions of the catalytically inactive rpd3 mu-
tant at the REC104 promoter.
Both Isw2 and Rpd3-Sin3 Complexes Function
in the Ume6p Pathway of Repression
During a systematic search for in vivo target genes of
Isw2 complex by Northern blotting, we found that every
URS1-containing gene tested was repressed by Isw2
and Rpd3-Sin3 complexes, including those that do not
have known meiotic functions, such as INO1 and SIP4
(Figure 2A). On the other hand, IME1, a gene that is
induced early in meiosis but does not have a URS1
sequence, is not repressed by Isw2 complex. Because
the URS1 sequence is a binding site for Ume6p (Ander-
son et al., 1995; Strich et al., 1994), we tested whether
Isw2 complex and Ume6p function in the same pathway.
Figure 3. Binding of Ume6p to Targets in Wild-Type and isw2 rpd3
Addition of an isw2 mutation in the ume6 background Cells In Vivo
did not cause a large change in the level of derepression Chromatin associated with FLAG-tagged Ume6p was immunopre-
(Figure 2A, lanes 7 and 8). This demonstrates that Isw2 cipitated. Lane 4 shows signals from control cells containing un-
complex is not able to repress these genes in the ab- tagged Ume6p. Numbers below lanes 4–6 denotes intensity of sig-
nals relative to background (lane 4). Lanes 1–3 are serial dilutionsence of Ume6p, arguing that Isw2 complex and Ume6p
(5-fold) of starting materials to demonstrate that the samples didact largely in the same pathway. We observed essen-
not saturate PCR reactions.tially the same genetic interactions among ISW2, RPD3,
and UME6 regarding repression of URS1-containing
genes in another standard yeast strain background,
complexes may repress transcription in parallel, andS288C (data not shown).
Ume6p is needed for both complexes to function (modelA null mutation of UME6 may cause pleiotropic effects
2). In this case, Ume6p may recruit both complexeson transcription, because many genes are regulated by
to URS1-containing genes. We tested model 1 with aUme6p (Jackson and Lopes, 1996; Steber and Esposito,
chromatin immunoprecipitation (CHIP) assay (Figure 3).1995; Strich et al., 1994; Sweet et al., 1997). We there-
Ume6p was tagged with FLAG epitope in wild type andfore asked if Ume6p itself acts in the Isw2 pathway
isw2 rpd3 double mutant cells. Sheared chromatin wasby an independent test. A triple base pair substitution,
prepared from these cells and Ume6p was immunopre-TGGCGGCT to TGTACGCT, in the URS1 element com-
cipitated using anti-FLAG antibody. PCR signals for thepletely abolishes Ume6p binding in vitro (Jackson and
ACT1 promoter, a gene that is not regulated by Ume6p,Lopes, 1996). This mutation was introduced within the
were uniformly low among immunoprecipitates from allpromoter of the endogenous REC104 gene in wild type
cells, including control cells that do not have FLAG epi-and mutant cells. As shown in Figure 2C, the REC104
tope on Ume6p. In contrast, signals specific to the pro-gene containing the mutant URS1 sequence exhibited
moter regions of Ume6 targets, SPO13, INO1 and SIP4,uniformly strong transcription in all genetic backgrounds
were significantly higher in cells with FLAG-tagged Ume6ptested. Thus the presence or absence of Isw2 and Rpd3-
(lane 5) than in control cells (lane 4), demonstrating bind-Sin3 complexes does not affect transcription of REC104
ing of Ume6p at these promoters. The signals fromin the absence of the UME6p binding site (compare
Ume6p targets did not decrease in an isw2 rpd3 doublelanes 4, 6, 8 with lane 2). Taken together, these results
mutant for INO1 and SIP4, the two genes that are theshow that Isw2 and Rpd3-Sin3 complexes, working in
most strongly repressed by Isw2 and Rpd3-Sin3 com-parallel pathways, converge on the Ume6p pathway of
plexes (lane 6). Signal for the promoter region of SPO13repression.
showed a small decrease in the isw2 rpd3 mutant but
remained significantly higher than background. TheseUme6p Binds the URS1 Independently of Isw2
results show that Ume6p binds to the promoter of targetand Rpd3-Sin3 Complexes In Vivo
genes independently of Isw2 and Rpd3-Sin3 complexesAt least two distinct models can explain the results of our
in vivo. This finding is inconsistent with model 1.epistasis analyses. In one model, UME6p acts directly to
repress transcription, while Isw2 and Rpd3-Sin3 com-
plexes are needed for this repressive function of Ume6p Ume6p and Isw2 Complex Interact
In Vivo and In Vitro(model 1). In this case, both complexes may facilitate
binding of Ume6p to the URS1 sequence in vivo by To test model 2, recruitment of Isw2 complex by Ume6p,
we first asked whether Ume6p and Isw2 complex stablyparallel mechanisms. Alternatively, Isw2 and Rpd3-Sin3
Isw2 Complex Represses Transcription
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Figure 4. Isw2 Complex Is Recruited by
Ume6p
(A) Co-immunoprecipitation of Isw2 complex
with Ume6p. Whole cell extract was prepared
from cells containing epitope tags as indi-
cated, and immunoprecipitation was done
using anti-FLAG antibody. The antibodies
used for Western blotting are indicated on
the right.
(B) GST-Ume6p and Isw2 complex interact in
an URS1-dependent manner on the REC104
promoter in vitro. FP indicates the location
of free probe. The lower panel is a shorter
exposure of the bracketed region of the gel,
showing the faster migrating Ume6p com-
plex. Arrowheads indicate positions of the
complexes created by Ume6p, while the empty
triangle denotes the position of the ternary
complex. Ab indicates that antibodies were
added in reactions; anti-FLAG-M2 (F) and anti
MYC-9E10 (M) antibodies were used. Lanes
15 and 16; gel shift assay using wild type
(lane 15) and catalytically inactive (lane 16)
complexes.
interact in vivo, using a co-immunoprecipitation (co-IP) Sin3p that interact with Ume6p are within an order of
magnitude. Because Sin3p-Ume6p interaction has beenassay (Figure 4A). Whole cell extract was prepared from
a strain containing FLAG-tagged Ume6p, HA-tagged well established (Kadosh and Struhl, 1997; Kadosh and
Struhl, 1998; Rundlett et al., 1998), roughly comparableSin3p and Myc-tagged Itc1p, the second subunit of Isw2
complex. Itc1p, previously referred to as p140 (Tsuki- co-IP of Itc1p with Ume6p strongly supports recruitment
of Isw2 complex by Ume6p. We noticed that co-IP ofyama et al., 1999), is encoded by the open reading frame
YGL133W and exists exclusively in Isw2 complex in vivo Itc1p with Ume6p enriched a population of Itc1p that
migrates significantly slower than the major population,(M. Gelbart and T.T., manuscript in preparation). A con-
trol extract was also prepared from a strain containing indicating that a specific population of Itc1p preferen-
tially interacts with Ume6p. We believe that the interac-HA-tagged Sin3p and Myc-tagged Itc1p but without a
tag on Ume6p. Ume6p from the triple-tagged strain was tion between Ume6p and Itc1p can occur independently
of DNA, because co-IP was also detected in the pres-quantitatively (80 to 90%) immunoprecipitated by anti-
FLAG antibody. Sin3p was co-precipitated with Ume6p, ence of 50 mg / ml ethidium bromide (data not shown).
Because we were unable to quantitatively immunopre-consistent with a model that Rpd3-Sin3 complex is re-
cruited by Ume6p. Similarly, precipitate from the triple cipitate Itc1p from crude extract, reciprocal co-IP was
not technically feasible. For the same reason, we couldtagged strain, but not from the control strain, contained
Itc1p, demonstrating that Isw2 complex and Ume6p in- not determine whether Sin3p and Itc1p simultaneously
interact with Ume6p.teract in vivo. It should be noted that the same amount
of samples were loaded for Sin3p and Itc1p Western We next asked whether Ume6p is able to directly
interact with Isw2 complex on the URS1 sequence inanalysis. This shows that the populations of Itc1p and
Cell
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Figure 5. Isw2 Complex Regulates Chroma-
tin Structure at the REC104 Promoter
(A) Analysis of chromatin structure at the
REC104 gene using DNase I followed by indi-
rect end-labeling. Major hypersensitive sites
in wild type (WT) or rpd3 mutant cells are
marked by circles; those found in cells with
mutations in ISW2 or UME6 are marked by
small triangles; those enhanced in cells with
mutations in ISW2 or UME6 are marked by
large triangles.
(B) Nucleosome mapping by MNase diges-
tion followed by indirect end-labeling. MNase
cleavage sites enhanced in wild type (WT)
or rpd3 mutant cells are marked with open
circles; those enhanced in cells with muta-
tions in ISW2 or UME6 are marked with closed
triangles. N denotes naked DNA control.
vitro using purified proteins. Recombinant Ume6p forms Isw2 Complex Forms Inaccessible Chromatin
Structure Proximal to the Ume6ptwo distinct complexes with an oligonucleotide probe
corresponding to the REC104 promoter (Figure 4B, lane Binding Site In Vivo
If model 2 is correct for explaining the epistatic interac-2, marked by arrowheads). Unlabeled wild type, but not
mutant oligonucleotides containing a mutation in the tions between ISW2 and UME6, Isw2 complex must be
involved in repression of transcription in vivo, ratherURS1 sequence, compete Ume6p binding to the probe
(lanes 3,4), demonstrating sequence specificity of the than facilitating Ume6p binding. To test this possibility,
we analyzed chromatin structure around the promoterbinding. Purified Isw2 complex has nonspecific DNA
binding activity (M. Gelbart and T.T., unpublished). How- region of an ISW2 target, the REC104 gene, in wild type
and mutant cells by DNase I and micrococcal nucleaseever, because the reaction mixture contains excess non-
specific DNA, purified Isw2 complex alone does not (MNase) digestion of chromatin followed by indirect
end-labeling. DNase I preferentially digested chromatinshow detectable binding to the probe under these condi-
tions (lane 7). In the presence of both Ume6p and Isw2 at around nucleotides (nt) -400 and -120 of the REC104
promoter in wild type cells (Figure 5A). In an isw2 mutant,complex, a slowly migrating complex appears (lane 10,
marked by an empty triangle). The anti-FLAG antibody DNase I digestion at around nt -120 was strongly en-
hanced, showing significantly enhanced accessibility of(lane 13), but not the control anti-Myc antibody (lane
14), super-shifts this new complex, demonstrating the chromatin in this area in the absence of Isw2 complex.
In addition, DNase I digestion at around nt -350 andpresence of Isw2 complex in this slowly migrating com-
plex. This new complex is dependent on the URS1, be- -510 was strongly induced in an isw2 mutant, and the
digestion at around nt -400 in wild type cells is stronglycause it is competed by wild type (lane 11), but not
mutant (lane 12) oligonucleotides. The formation of this suppressed in the mutant. This indicates that the posi-
tions of nucleosomes change in the isw2 mutant. Incomplex is ATP-independent (lane 15). In addition, cata-
lytically inactive Isw2 complex forms the same slowly contrast to the isw2 mutant, chromatin prepared from
the rpd3 mutant showed a DNase I digestion patternmigrating complex with Ume6p (lanes 15 and 16), show-
ing that the formation of this complex does not require very similar to that of wild type cells (compare lanes
10–12 with 2–4), suggesting that Rpd3-Sin3 complexthe ATPase activity of Isw2 complex.
Isw2 Complex Represses Transcription
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Figure 6. An isw2 rpd3 Mutation Causes Synthetic Growth Defects
Wild type and mutant yeast cells were streaked on rich (YEPD)
plates and incubated at the temperatures indicated. The genotypes
of yeast cells are shown in the upper left corner.
does not significantly affect the positions of nucleo-
somes at target genes. This also argues that the changes
in chromatin structure in the isw2 mutant are not a con-
sequence of increased transcription, because REC104
is expressed at similar levels in isw2 and rpd3 single
mutants. These data reveal that in wild type cells, Isw2
complex changes the positions of nucleosomes near
the URS1 sequence (located at nt -93 for the REC104
promoter) and establishes and/or maintains nuclease-
inaccessible chromatin structure. Chromatin from the
isw2 rpd3 mutant shows a DNase I digestion pattern
Figure 7. Model for Repression of URS1-Containing Genes by Isw2that is very similar to that of the isw2 single mutant
and Rpd3-Sin3 Complexes(lanes 14–16), further supporting the idea that Rpd3-Sin3
See text for details.complex does not significantly affect local nucleosome
positions. Chromatin from the ume6 and isw2 ume6
mutants shows DNase I digestion patterns similar to
25). Consistent with the epistasis analyses, ume6 andthat of the isw2 mutant (compare lanes 18–20, and 22–24
isw2 ume6 mutants show MNase digestion patterns verywith 2–4). This supports our earlier conclusion that Isw2
similar to that of an isw2 mutant.complex and Ume6p function in the same pathway.
Results of chromatin structure analysis using MNase
digestion were consistent with the observations above. Synthetic Growth Defects of the isw2 rpd3
Double MutantThe rpd3 mutant shows a very similar digestion pattern
to that of wild type cells, while the isw2 mutant shows Neither isw2 nor rpd3 mutations cause significant
growth defects. However, during strain construction foran altered digestion pattern. In particular, MNase acces-
sibility was strongly induced at around nt -150 in the isw2 our epistasis analysis, we found that the isw2 rpd3 dou-
ble mutant shows slow growth and temperature sensi-mutant, again showing that Isw2 complex is needed
for establishment and/or maintenance of inaccessible tive (ts) phenotypes (Figure 6). The double mutant grew
very slowly at 35.58C, and could not form single colonieschromatin structure near the Ume6p binding site. MNase
digestion was also induced at around nt -350 and -500 at 378C. The ume6 single mutant had similar growth
defects, and the isw2 ume6 double mutant was morein the isw2 mutant (marked by filled triangles). These
changes are in good agreement with the results of severely affected, suggesting UME6-independent func-
tions of Isw2 complex in vivo. In contrast, the isw2 sin3DNase I analysis (compare lanes 6 and 7 with 24 and
Cell
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double mutant did not exhibit detectable growth defects et al., 1998; Mizuguchi et al., 1997). However, our results
are consistent with a recent report that Drosophila ISWIdespite expression of early meiotic genes at levels com-
parable to that of the isw2 rpd3 double mutant. This protein and RNA polymerase II localize on polytene
chromosomes in a mutually exclusive manner (Deuringargues that the synthetic growth defects of the isw2 rpd3
double mutant are not due to derepression of meiotic et al., 2000). There are at least two potential explanations
for this apparent discrepancy. As reported (Tsukiyamagenes, and that ISW2 and RPD3 have unidentified, paral-
lel functions in vivo that are SIN3-independent. This also et al., 1999), Isw2 complex does not exhibit in vitro activ-
ity to establish accessible chromatin structure at pro-argues that derepression of meiotic genes is not caused
by slow growth of cells. We observed similar, but weaker, moter regions in the presence of transcription factors
(promoter-specific chromatin remodeling activity). Be-synthetic growth defects of an isw2 rpd3 mutant in the
S288C background (data not shown). cause promoter-specific chromatin remodeling activi-
ties are associated with NURF, ACF, and RSF, it is possi-
ble that Isw2 complex functions differently from theseDiscussion
ISWI-containing complexes both in vitro and in vivo. If
this is the case, there may be at least two functionallyOur report presents the first evidence that a member of
distinct classes of ISWI-containing complexes. In thisthe ISWI class of ATP-dependent chromatin remodeling
regard, it should be noted that another Drosophila ISWI-factors negatively regulates transcription. These results
containing complex CHRAC also does not exhibit pro-are consistent with a recent report that an isw2 mutant
moter-specific chromatin remodeling (Varga-Weisz etexhibits defects during the early stages of sporulation
al., 1997). It is also possible that Isw2 complex has un-(Trachtulcov et al., 2000). Results of CHIP assay for
identified positive roles in transcription in vivo as pro-Ume6p, co-IP of Itc1p with Ume6p, and chromatin analy-
posed for fly ISWI-containing complexes (Deuring et al.,ses are all consistent with a model in which Isw2 and
2000). In either case, our present results and the mutu-Rpd3-Sin3 complexes function in parallel and partially
ally exclusive localization of Drosophila ISWI protein andcompensatory pathways to repress transcription of
RNA polymerase II on polytene chromosomes suggestgenes containing URS1 sequences, and both com-
that the repressor function of the ISWI class of chromatinplexes are dependent on recruitment by Ume6p. Based
remodeling factors has been conserved during evo-on these data, we propose a model for repression of
lution.URS1-containing genes by Isw2 and Rpd3-Sin3 com-
While recent DNA microarray analyses revealed thatplexes (Figure 7). In wild type cells, Isw2 complex pro-
yeast Swi/Snf complex may also have repressor activitymotes formation of nuclease-inaccessible chromatin
(Holstege et al., 1998; Sudarsanam et al., 2000), thestructure upstream of the URS1 sequence at target
major function of this complex is to facilitate activationgenes by changing nucleosome positions. In addition,
of transcription. Our report reveals that two ATP-depen-Rpd3-Sin3 complex removes acetyl groups from histone
dent chromatin remodeling complexes in yeast, Isw2tails in nucleosomes as reported (Kadosh and Struhl,
and Swi/Snf complexes, have opposing functions in1998a; Rundlett et al., 1998), further enhancing the re-
transcriptional regulation. This is consistent with thepressed state of chromatin at the promoter region.
fact that Swi/Snf complex creates an open chromatinNucleosomes are mispositioned in an isw2 single mu-
structure at the promoter regions of target genes in vivotant, but deacetylation of histone tails keeps URS1-con-
(Gregory et al., 1999; Hirschhorn et al., 1992), whereastaining genes moderately repressed. In an rpd3 single
Isw2 complex establishes nuclease-inaccessible chro-mutant, properly positioned nucleosomes with ace-
matin structure. The contrast between Isw2 and Swi/Snftylated histone tails can also repress transcription to
complexes goes further: Isw2 and Rpd3-Sin3 histonesome extent. However, in the isw2 rpd3 double mutant,
deacetylase complexes function in parallel pathways inmispositioned nucleosomes with acetylated histone
repression; whereas Swi/Snf and histone acetyltransfer-tails allows a high level of target gene transcription.
ase complexes containing Gcn5p function cooperativelyBecause both Isw2 and Rpd3-Sin3 complexes are re-
in activation (Biggar and Crabtree, 1999; Pollard andcruited by Ume6p, chromatin structure and expression
Peterson, 1997; Roberts and Winston, 1997; Sudarsa-of many URS1-containing genes in the ume6 mutant are
nam et al., 1999). This contrast is most evident in thesimilar to those of the isw2 rpd3 double mutant. Finally,
case of the INO1 gene, repression of which is governedaddition of an isw2 mutation in the ume6 background
by Isw2 and Rpd3-Sin3 complexes whereas activationdoes not significantly change expression and chromatin
is facilitated by Swi/Snf and Gcn5 complexes (Petersonstructure of target genes because Isw2 function is
et al., 1991; Pollard and Peterson, 1997). Furthermore,largely dependent on Ume6p. The nuclease inaccessible
both the isw2 rpd3 double mutation and the swi2/snf2chromatin structure may be directly responsible for
gcn5 double mutation cause synthetic growth defects.Isw2-mediated repression. Alternatively, an unidentified
These data reveal that the two major classes of chroma-mechanism may utilize this inaccessible chromatin
tin remodeling factors, ATP-dependent factors and his-structure for repression.
tone modifying enzymes, work together in both positiveThe repressor function of Isw2 complex in vivo was
and negative regulation of transcription.somewhat unexpected because of the biochemical ac-
tivities of other ISWI-containing complexes. Two Dro-
Experimental Proceduressophila ISWI-containing complexes, NURF (Tsukiyama
and Wu, 1995) and ACF (Ito et al., 1996), and a human Strains
complex, RSF (LeRoy et al., 1998), activate transcription All yeast strains used in this study are derived from W1588–4C
(ade2–1 his3–11,15 leu2–3,112 trp1–1 ura3–1 can1–100). This strainfrom chromatin templates in vitro (Ito et al., 1996; LeRoy
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is congenic to W303–1A, except that a weak rad5 mutation in the lar Biochemical) for 10 min at 378C. DNA was purified from each
and resuspended in 100 ml TE. Approximately 9 ml of the 0, 50, andoriginal W303 is repaired (Zhao et al., 1998). Null mutations of the
IME1, IME2, NDT80, RPD3, SIN3, and UME6 genes were created 150U samples were digested with EcoRI (21050) and PstI (11020),
and subjected to indirect end-labeling of the REC104 locus. Nakedby replacing the coding region of each gene with the kanMX marker
as described [Gu¨ldener, 1996 #1788]. The isw2 null mutation was DNA was prepared from identical nuclear preparations and digested
with 5 U of MNase in 500 ml volume for 10 min at 378C. DNase Imade by replacing the coding sequence of the ISW2 gene with the
hisG cassette (Alani et al., 1987). analysis was done essentially identically, except that SPC buffer
was supplemented with 3 mM MgCl2 and nuclei were digested withCatalytically inactive mutations of ISW2 and RPD3, and mutations
of the URS1 element upstream of the REC104 gene were introduced 0, 1, 2, or 4 units of DNase I at 378C for 20 min. The probe used
for indirect end-labeling of the REC104 locus was a PCR productinto the genome by the ‘pop in-pop out’ method (Rothstein, 1991).
Itc1p, the second subunit of Isw2 complex, was fused to 13 copies extending from -809 to -998 with respect to the initiation codon.
of the myc epitope immediately before the termination codon, as
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